Introduction
Colorectal cancer (CRC) is a highly heterogeneous disease, in its presentation as well as its prognosis. The liver is a predominant site of metastases; approximately 25% of CRC patients present with synchronous hepatic metastases, while ultimately more than 50% of patients initially presenting with non-metastatic CRC will develop liver metastases in the course of their disease (Taylor, 1996) . When the metastases are confined to the liver and are deemed resectable, patients are increasingly undergoing partial liver resection aiming for curation (van der Pool et al., 2010; Verhoef et al., 2009) . Recent data suggest that a selected patient group undergoing this procedure achieves long-term survival (Brouquet et al., 2011) . Nevertheless, up to half of patients undergoing such major abdominal surgery will develop disease relapse in the liver or at other distant sites within one year (Abdalla et al., 2004; Adam et al., 2008; Ito et al., 2008; Zakaria et al., 2007) prompting the need for prognostic factors discriminating patients benefiting from this approach versus those who do not. In primary CRC, several factors have been shown to be prognostic such as microsatellite instability, mRNAs profiles and KRAS and BRAF gene mutations Lochhead et al., 2012 Lochhead et al., , 2013 Mouradov et al., 2013; Phipps et al., 2013; Russo et al., 2014; Sanz-Pamplona et al., 2012) . However, at the time of metastatic disease, clonal selection and genomic instability can lead to important discrepancies between primary tumor and metastases, which can be augmented by the passing of time and administration of systemic therapy (Campbell et al., 2010) . Heterogeneity between primary tumor and metastases has been described for clinically highly relevant predictive factors such as KRAS (Baldus et al., 2010; Jiang et al., ASCO Molecular Markers 2010 (abstr 49) ). As a result, when attempting to identify factors prognostic or predictive for the behavior of metastatic disease, such discrepancies between primary tumor and metastases can be crucial. As such, predictive and prognostic models should be established in metastatic tissue rather than in the primary tumor. Unfortunately, metastatic tissue is often hard to obtain for diagnostic purposes, and only through invasive procedures. A potential alternative approach for characterizing metastatic solid lesions is the characterization of circulating tumor cells (CTCs) (Alix-Panabieres and Pantel, 2013; van de Stolpe et al., 2011) . A CTC count has been identified as a powerful prognostic marker in metastatic colorectal (Cohen et al., 2008) , breast (Cristofanilli et al., 2004) and prostate cancer (de Bono et al., 2008) . Additionally, CTC characterization for drug target expression (Attard et al., 2009; Riethdorf et al., 2010) , mutations (Holdhoff et al., 2009) However, significant challenges remain, such as the low frequency of CTCs in the circulation, and the additional presence of up to a thousand remaining leukocytes, even after CellSearch EpCAM-based enrichment (Sieuwerts et al., 2009a) . To enable CTC characterization by RT-qPCR, we have minimized the potential confounding contribution contaminating leukocytes by focusing solely on genes expressed in tumor tissue that are not, or at a much lower level, expressed by leukocytes. Using stringent selection methods combined with a sensitive but robust cDNA pre-amplification, we were able to reliably quantify a CTC-specific gene panel in blood of metastatic breast cancer patients ).
In the current study, we set out to identify such a CTCspecific gene panel by qualifying a large panel of mRNAs in CellSearch-enriched CTCs of metastatic CRC (mCRC) patients prior to partial liver resection. To this end, we compared the expression of this mRNA panel between healthy donors (HDs) and patients without detectable CTCs as defined by CellSearch. By measuring these CTC-specific genes in patients without detectable CTCs, a HD-unlike group was identified, and the prognosis of these patients was compared with HDlike patients without evidence of circulating tumor load according to their CTC-specific gene expression.
2.
Materials and methods
Patients and blood samples
As part of a prospective study, which included patients with mCRC about to undergo resection of hepatic metastases, 142 patients were included from June 2008 until June 2011. The first (primary) cohort of 107 patients was used to perform all our initial analyses. A second independent cohort of 35 patients, who were included in the same study under the same in-and exclusion criteria but at a later time point, was subsequently analyzed to substantiate our findings obtained in the primary cohort. From all these patients, 30 mL blood samples were taken for CTC enumeration and characterization (for details see next paragraph) by way of venipuncture before liver metastasis resection and prior to surgical tumor manipulation. This study was approved by the Leiden University Medical Center and Erasmus University Medical Center Institutional Review Boards (METC P05.182) and all patients were included in the Erasmus University Medical Center, Rotterdam, Netherlands, after written informed consent was obtained. Additionally, 30 mL blood samples were drawn from 30 healthy volunteers (age 21e58) to evaluate gene expression in HDs. The same HDs were used in the analysis of the primary and the secondary independent patient set ( Figure 1 ).
Isolation and enumeration of CTCs
Two samples of 30 mL blood from the 142 mCRC patients prior to liver metastasis resection were drawn in CellSaveä tubes (Veridex LLC, Raritan, NJ) for enumeration or in EDTA tubes for isolation. Prior to CTC enumeration and isolation, a density gradient-based enrichment step was applied as described before . Briefly, immediately before subsequent CTC enumeration or isolation, 30 mL blood was pooled and centrifuged for 10 min at 800 Â g. After removal of plasma, 15 mL CTC buffer was added and mixed, and pelleting the total supernatant volume was carefully placed onto 6 mL of Lymphoprep (Axis-Shield, Dundee, Scotland), a Ficoll density-gradient medium. After centrifugation at 400 Â g for 10 min, the top buffer layer was discarded. Then, 7.5 mL of suspension including the buffy coat was aspirated with a reversed 10 mL pipette, allowing optimal isolation of the mononuclear cell layer, and pipetted into a regular CellTracksä tube (Veridex). For CTC enumeration, samples were processed on the CellTracksä AutoPrep System (Veridex) using the CellSearchä Epithelial Cell Kit (Veridex) within 96 h after collection and CTC counts were determined on the CellTracksä Analyzer (Veridex) according to the manufacturer's instructions and as described before Sieuwerts et al., 2009a) . A cell was counted as a CTC if it was an intact, nucleated DAPIþ cell, lacking CD45 and expressing cytokeratin (CK)8/9/19, according to the manufacturer's instructions.
mRNA isolation from CTCs, RT-qPCR and quality control
For gene expression studies, in parallel with the enumeration studies, 30 mL of blood from patients and HDs was drawn in EDTA tubes, subjected to Ficoll enrichment as described above and enriched for CTCs on the CellTracksä AutoPrep System using the CellSearchä Profile Kit (Veridex) within 24 h after collection. RNA isolation was performed with the AllPrep DNA/RNA Micro Kit (Qiagen, Valencia, CA), and cDNA synthesis, pre-amplification, real time PCR and normalization procedures to quantify gene expression levels were performed as described in detail before (Sieuwerts et al., 2009a) . The quality control (QC) measures that were taken to ensure the linear and homogeneous nature of pre-amplification, adequate PCR efficiency and reproducibility of each assay have also been described in detail before (Sieuwerts et al., 2009a) . Only patients with sufficient QC mRNA signal for 3 reference genes (GUSB, HMBS and HPRT1 with an average value 26 Ct) were included in the final analysis, based on which material of 9 from the originally 142 patients (6.3%) were excluded from the final mRNA analysis.
Besides the 3 reference genes, 92 mRNAs (Supplementary Table 1 ) were selected to be putatively CTC-specific, i.e., were described in silico to be relatively low expressed in leukocytes compared with CRC (SAGE Genie Database of the Cancer Genome Anatomy Project (http://cgap.nci.nih.gov/SAGE/AnatomicViewer), and could be reliably and linearly measured based on our previously described QC measures (Sieuwerts et al., 2009a . For each mRNA assay, a first cutoff to eliminate false-positive mRNA expression signals due to leukocyte contamination was established at the median of the expression in HDs. As a result, H19 and MMP3 were excluded from the original panel of 92 mRNAs, leading to a total of 90 mRNAs, which were used for identification of CTC-specific mRNAs and comparison of HDs to patients without detectable CTCs (see below and Figure 1 ).
Statistical analysis
Stata v13 and Analyse-it v2.26 were used for statistical analyses and generation of box-plots. 
Results

Patient characteristics
Among 107 included mCRC patients about to undergo hepatic metastasis resection in the primary patient set, 98 patients were evaluable for mRNA gene expression ( Figure 1 ). The 35 patients in the independent patient set, who were included in the same study under the same inclusion criteria but at a later time point and used to further characterize samples without detectable CTCs, were all evaluable for mRNA gene expression. Detailed clinicopathological information for the primary set of 98 patients and the independent second set is available in Table 1 . Patient and tumor characteristics were well balanced between the primary and independent second set and no significant differences in the proportions of any of the patient or tumor characteristics between the two groups were observed.
CTC counts
Among all 98 patients from the primary set with QC mRNA, 24 patients (24%) had !3 CTCs per 30 mL blood, 41 patients (42%) had 1 or 2 detectable CTCs, while in 33 patients (34%) no CTCs were identified. The number of patients below and above the cut-off of 3 CTCs was not equally distributed among males and females; relatively more female than male patients had CTC counts above 3 cells per 30 mL blood (Fisher's exact, P 0.004, Table 1 ). In the second set, six patients had !3 CTCs per 30 mL blood (17%); while in 16 patients (46%), no CTCs were identified. The unequal distribution in CTC counts among males and females was not observed in the smaller second set of 35 patients.
CTC-specific mRNAs
As described, besides the 3 reference genes, 90 mRNAs could be reliably and linearly measured in mCRC CTCs. To select CTC-specific mRNAs, we compared the mRNA expression between samples with presumed substantial circulating tumor gene expression and samples without any circulating tumor load. We therefore compared the 24 patients with !3 CTCs in the primary set with the 30 HDs, and thus identified a panel of 34 mRNAs of which the transcripts were at a permutation P < 0.05 higher expressed in the patients with !3 CTCs compared with HDs (Class comparison BRB-array tools, Supplementary Table 2) .
Unsupervised hierarchical clustering of CTC-specific mRNAs
After identifying CTC-specific genes, we wished to study possible heterogeneity in their expression between patients. To this end, we used the identified 34 CTC-specific mRNAs to perform unsupervised 2-dimensional average linking hierarchical clustering analysis of all 98 patients from the primary set with available QC mRNA data ( Figure 2 ). This clustering analysis revealed two main clusters, cluster 1 and 2. Cluster 2 could be further divided into two patient clusters, which, contrarily to patient cluster 1, were both characterized by a relatively high expression of epithelial genes such as KRT19 and KRT20. Patient cluster 2a was characterized by the high expression of genes such as FABP1, CDX1 and CDH17. These genes are marked by the blue rectangle at the right in Figure 2 . No specific common category was significantly enriched in this gene cluster by DAVID functional gene annotation analysis. Patient cluster 2b largely lacked expression of these genes, but did express REG1A, IGFBP5 and AGR2 (genes are marked by the red rectangle at the right in Figure 2 ). DA-VID analysis identified "secreted" as the most significant category for seven genes (PRSS8, RARRES2, COL4A1, LAD1, AGR2, IGFBP3, IGFBP5) in this 15-gene cluster (5.3-fold enrichment, Benjamini P 0.04). No significant association was found between the different patient clusters and CTC counts, neither the continuous CTC counts (dark green bars at the bottom of Figure 2 ) nor a dichotomized CTC count <3 versus !3 per 30 mL blood (green [<3] and red bars [!3] at the bottom of Figure 2 ). The patients with !3 CTCs do seem to be enriched in patient cluster 2a, but differences were not statistically significant. Comparing the patients in the two respective mRNA clusters (1 and 2a & b) for their baseline clinicopathological characteristics showed that patients belonging to clusters 2a and 2b had more frequently had induction chemotherapy administered than those in cluster 1 (P 0.017, Table 1 ).
CTC-specific mRNAs and prognosis
For those patients evaluable for relapse-rate, disease-free (DFS) and overall survival (OS), we assessed the correlation of the 91 patients making up the three distinct patient clusters (cluster 1, 2a and 2b) based on the 34 CTC-specific mRNAs with prognosis. Seventy patients were evaluable for disease recurrence rate and survival. Of the other 21, two patients still had the primary tumor in situ at the time of liver resection, eight patients underwent liver resection as part of a two-stage approach and thus still had residual liver metastases in situ after the liver resection and 11 did not undergo liver resection because extensive and/or progressive disease was seen during surgery. Of 70 evaluable patients, 49 experienced a relapse.
Comparing the relapse-rate within 1 year after liver resection, no difference was seen between the clusters (Pearson's X2 statistic 1.22, P 0.5442). Comparing overall survival (OS), a trend was seen towards shorter OS (HR 1.96 [95%CI 0.88e4.33] Logrank trend P 0.098) for patients in cluster 2. Detailed clinicopathologic characteristics of the 98 patients from the primary patient set with pathology-confirmed colorectal liver metastases and mRNA data available, depicted according to CTC-count (<3 vs. !3, the clinically relevant prognostic cut-off level and according to mRNA (cluster 1 vs. 2). The last column depicts the clinicopathologic characteristics of the independent second patients set, which were included in the same study at a later time point and used to validate some of our findings in the primary patient set. Significant P-values as obtained by the Fisher's exact test are depicted in italics and P-values are depicted in bold if the value is <0.05. a Numbers do not add up to 100% because patients undergoing primary tumor resection after liver resection, and patients who have not undergone primary tumor resection at all, were left out. b Numbers do not add up to 100% because of missing data.
3.6.
Circulating tumor load in patients without detectable CTCs: mRNA analysis Based on the results of our previous study in breast cancer (Sieuwerts et al., 2009b , we hypothesized that patients without detectable CTCs, i.e., as defined by the CellSearch enumeration definition, could harbor tumor-specific gene expression in the CellSearch-enriched fractions of their blood. This circulating tumor load would nonetheless not be identified and counted as CTCs by the CellSearch enumeration procedure. To this end, we assessed whether or not the blood of the 33 patients without detectable CTCs contained gene transcripts related to circulating tumor load. For this analysis we took an unbiased approach and employed an unsupervised hierarchical clustering analysis (Figure 3 ) using the top 75% variably expressed genes (n ¼ 69, Supplementary Table 2) in this cohort of the 33 patients without detectable CTCs according to CellSearch criteria (marked in red at the bottom bar) and 30 HDs (marked in green at the bottom bar). This analysis revealed 2 clear subgroups. Interestingly, a subgroup of patients without detectable CTCs according to the CellSearch system (the HD-unlike cluster; marked in red at the top bar) was clearly distinct from HDs and other patients without CTCs (the HD-alike cluster; marked in blue at the top bar). These patients had high expression of epithelial genes such as KRT19 and KRT20, but also of the genes IGFBP5, AGR2, S100A16 and LAD1, which were previously established to identify epithelial tumor load in breast cancer patients . This result strongly suggested that the blood of the HD-unlike patients indeed contained CTCs or fragments thereof, which were not detected by the CellSearch enumeration procedure, but nevertheless were captured by the CellSearch Profile Kit. To gain further insight into the possible effect of stochastic variation between the CTC enrichment and enumeration tubes, we also performed this analysis with patients with 1 enumerated CTC. While some of these patients cluster together with healthy donors, probably due to stochastic variation, the majority of these patients (23 out of 31) end up in the HD-unlike cluster (Supplementary Figure 1) .
While we analyzed genes that are not or at a very low level expressed by leukocytes, we wished to exclude the possibility that the mRNA expression from the leukocyte background, that is still present after EpCAM enrichment, accounted for the clustering of HD-unlike patients with patients with detectable CTCs. For this, we compared the expression of PTPRC (CD45, a leukocyte marker) between HDs, HD-unlike and HDlike patients. We did see a higher PTPRC expression in healthy donors compared to patients (Supplementary Figure 1) , but no difference between HD-like and HD-unlike patients (data not shown). 
3.7.
Identification of HD-unlike patients in an independent patient set
To assess whether a HD-unlike patient group was also present in an independent patient set, we analyzed the 34 genes that were differentially expressed between HDs and patients with !3 CTCs in the primary patient set and thus CTCspecific (see above) also in the independent secondary set consisting of 35 patients. We chose to do this analysis based on the 34 CTC-specific genes, as we hypothesized that the HD- Figure 3 e Clustering of HDs and patients without detectable CTCs. Unsupervised hierarchical cluster analysis comparing mRNA gene expression profiles in CTC-enriched fractions from 33 mCRC patients without detectable CTCs and mRNA data available for 30 HDs. Data shown have been subjected to median normalization of each individual sample across all genes followed by median normalization of each individual gene across all samples. Columns represent patient samples, rows represent the 69 genes that were the top 75% variably expressed between the patients without detectable CTCs and the HDs. Red color indicates a transcript level above the median level, white color indicates a median transcript level, and blue color indicates a transcript level below the median level of the particular mRNA in all samples. Depicted gene clusters were identified at an average linkage correlation greater than 0.2. At the top, the HD-unlike patient cluster is indicated in red; the HDalike patient cluster in blue. Healthy donors (HD, green) and patients (pt, red) are depicted on the bottom of the graph. unlike patients were distinct from HDs and HD-like patients due to presence of circulating tumor load. By using the 34 CTC-specific genes, we anticipated to be able to identify a subgroup of patients without detectable CTCs but with evidence of circulating tumor load in the independent patient set. As described above, characteristics of the HD-unlike patients did not differ significantly from the original set of 98 patients (Table 1) . We clustered our 16 patients with zero CTCs from the secondary set as well as the 33 patients with zero CTCs from the primary set with the 30 HDs to be able to view whether patients with evidence of circulating tumor load indeed clustered with the previously identified HD-unlike patients. Indeed, we again observed a distinction into HD-alike and HD-unlike patients (Figure 4) , and the previously identified HD-unlike patients from the primary set were again distinguished as such. Of the 16 patients without detectable CTCs that were added from the second patient set, three grouped in the HD-unlike cluster independently confirming the existence of HD-unlike patients amongst those without detectable CTCs.
Prognosis in HD-unlike and HD-like patients
Thus, we had identified a HD-unlike patient group without detectable CTCs according to CellSearch criteria, but with evidence of circulating tumor load by CTC-specific gene expression. Next, we wished to conduct an exploratory analysis to assess whether this circulating tumor load also conferred to a poorer prognosis compared with HD-like patients. Only 11 HD-like and 14 HD-unlike patients were evaluable (two patients still had the primary tumor in situ at the time of liver resection, two patients underwent liver resection as part of a two-stage approach and thus still had residual liver metastases in situ after the liver resection and four did not undergo liver resection because extensive and/or progressive disease was seen during surgery). The 1-year recurrence rate in the HD-unlike group and the HD-like group were both 36%. Likewise, no differences were seen in overall survival (HR; 1.54, P 0.53).
CTC detection markers in HDs and patients without detectable CTCs
Above we showed that a group of HD-unlike patients in whose blood no CTCs were detected with CellSearch CTC enumeration nevertheless showed evidence of circulating tumor load. A possible explanation for the inability to enumerate CTCs in these patients could be an insufficient expression of epithelial markers needed for CTCs to be enumerated according to the CellSearch criteria (the cytokeratins KRT8, KRT18 and KRT19), while sufficient EpCAM expression did enable their capture for subsequent gene expression profiling. To Figure 4 e Clustering of patients from the primary and secondary sets without enumerated CTCs with healthy donors (HDs). Unsupervised hierarchical clustering analysis comparing mRNA gene expression profiles in mCRC CTC-enriched fractions from 49 patients without detectable CTCs and QC mRNA available (33 from the primary set and 16 from the independent second set) and 30 HDs. Data shown have been subjected to median normalization of each individual sample across all genes followed by median normalization of each individual gene across all samples. Columns represent patient samples, rows represent genes. Red color indicates a transcript level above the median level, white color indicates a median transcript level, and blue color indicates a transcript level below the median level of the particular mRNA in all samples. Depicted gene clusters were identified at an average linkage correlation greater than 0.2. At the top, the HD-unlike patient cluster is indicated in red; the HDalike patient cluster in blue. Healthy donors (HD, green), primary patients (pt, bright red) and secondary patients (dark red) are depicted on the bottom of the graph. explore this hypothesis, we focused on the expression levels of the epithelial markers EPCAM and KRT8, KRT18 and KRT19 in the RNA fractions isolated from CellSearch-enriched blood of 30 HDs, 49 patients without detectable CTCs (23 HD-alike, 26 HD-unlike), and 30 patients with !3 CTCs ( Figure 5 ). The expression levels of cytokeratins 8 and 19 significantly differed between HDs and patients with !3 CTCs (Bonferroni contrast; KRT8, P < 0.0001; KRT19, P < 0.0001), whilst those of cytokeratin 18 (KRT18, P 1.000) and EpCAM (P 0.2849) did not ( Figure 5 ). When we tested for differences in expression between HD-alike and HD-unlike patients, those of the cytokeratins 8 and 19 were again significantly different, whereas EPCAM and cytokeratin 18 were not (KRT8, P < 0.0001; KRT19, P < 0.0001; KRT18, P 0.1411; EPCAM, P 1.0000).
Discussion
CTCs offer an exciting new opportunity to assess prognostic and predictive markers repeatedly during the course of cancer. CTCs are presumed to represent actual metastatic tumor load, and may thus provide more accurate information to guide treatment decisions than the primary tumor. After having previously shown the feasibility of measuring a CTCspecific gene panel in the CTCs of metastatic breast cancer patients , we show here that, using genes clinically relevant in CRC, a similar approach can be successfully applied to CTCs from mCRC patients with overall a much lower CTC count. Moreover, we show the presence of circulating tumor load as suggested by epithelial gene expression in a large subgroup of patients without detectable CTCs. While several studies have described the expression levels of up to 10 different genes in the blood of CRC patients (Koyanagi et al., 2008; Terrin et al., 2008; Xi et al., 2007; Yie et al., 2008) , no work has been published on the broad-scale molecular characterization of CTCs of mCRC patients after CellSearch enrichment. This EpCAM-based CellSearch enrichment has the significant advantage of being semi-automated, but does not result in a pure CTC population. To still enable reliable measurement of clinically relevant genes, we therefore selected, in silico, genes that are not or at a very low level expressed by leukocytes. Figure 5 e Expression of CTC-markers in CellSearch-enriched blood from 30 HDs and 49 patients without detectable CTCs compared with patients with three or more CTCs. Expression levels of EPCAM, KRT8, KRT18 and KRT19 are depicted for 30 HDs, 23 HD-alike, 26 HD-unlike and 30 patients with three or more CTCs from the whole patient set. Expression levels were measured in RNA isolated from the EpCAM-enriched (CellSearch) blood fractions and are depicted as deltaCt to the median of the reference genes (GUSB, HMBS and HPRT1). Box plots represent median, 95% confidence interval (box) and outlier (D; >1.5 and <3 interquartile range,*; >3 interquartile range) expression levels. Level of significance tested with KruskaleWallis test followed by post-hoc contrast analysis. HD, healthy donor; pts, patients.
By comparing HDs and patients with !3 CTCs, we identified 34 CTC-specific mRNAs. Based on the unsupervised clustering analysis with the 34 CTC-specific mRNAs, we could distinguish three patient clusters, one of them epatient cluster 1-characterized by the absence of epithelial gene expression. Patient cluster 2a was characterized by the high expression of genes such as FABP1, CDX1, CDH17 and KRT20. FABP1 was previously shown to be higher expressed in good-prognosis CRC primary tumors and metastases (Yamazaki et al., 1999) and a marker of differentiation (Lawrie et al., 2004 ) but has also been described as a useful CTC detection marker (Smirnov et al., 2005) . CDX1 has been described as a tumor suppressor gene (Guo et al., 2004) reducing proliferation through Cyclin D1 (Lynch et al., 2003) , and is frequently rearranged in relation to rearrangements at the APC locus (Domon-Dell et al., 2003) . CDH17 mediates cellecell adhesion in intestinal epithelial cells (Berndorff et al., 1994) , is specific to cancers of the digestive system (Su et al., 2008) and has previously been associated with poor prognosis . KRT20 is an epithelial marker, which has also frequently been used to identify circulating tumor load in CRC patients (Iinuma et al., 2011; Vlems et al., 2003) , but which is not included in the CellSearch CTC enumeration kit. Patients in cluster 2b expressed REG1A, IGFBP5 and AGR2, of which the latter were previously determined to be epithelial-specific in our breast cancer studies , while AGR2 is also up regulated in microsatellite instability-high (MSI-H) tumors (Kim et al., 2004; Mori et al., 2004) . REG1A is a gene correlated with poor prognosis (Astrosini et al., 2008) and microsatellite instability (Lee et al., 2008) . Patients in this cluster have a lower expression of KRT20, making its individual use as a CTC detection marker doubtful. Noteworthy is that we did not see a clear relation of the different clusters with CTCcount, for which the aforementioned issues resulting in discrepancies between CTC enumeration and gene expression are the most probable explanation. Correlation with disease free-survival and overall survival showed a trend towards poorer prognosis in patients in cluster 2 as a whole. It should be noted that this was an exploratory analysis and because of the small patient groups, no correction was done for the administration of induction chemotherapy before liver resection and clinical risk score, both known important risk factors for DFS and OS in this patient population (Ayez et al., 2011) .
Remarkably, when comparing patients without detectable CTCs with HDs, a cluster of patients had a gene expression profile strongly differing from that of HDs. These HD-unlike patients were characterized by the expression of known epithelial markers such as cytokeratins and EPCAM, but also by the expression of four other genes previously determined to be epithelial-specific (S100A16, AGR2, IGFBP5 and LAD1 ). Others have also described two of these genes, S100A16 and AGR2, as expressed in CTCs (Smirnov et al., 2005) . Among the 30 other genes were genes involved in focal adhesion (the collagens and Cyclin D1) and extracellular matrix (ECM)-receptor interaction (the collagens and VWF), among others. Also when looking at patients with zero or one enumerated CTCs as well as in our independent secondary patient set, a subgroup of patients was identified with expression of epithelial marker genes in the absence of counted CTCs. Together, the gene expression pattern of these patients strongly suggests the presence of circulating tumor load, CTCs or cell fragments like exosomes, which are not being detected or recognized as such by the CellSearch system in the blood drawn in parallel for CTC enumeration. A few factors could cause this discrepancy between CTC count and CTC molecular profile. Literature suggests that CRC cells can lack cytokeratin 8, 18 or 19 expression (Joosse et al., 2012; Moll et al., 1992) , the markers by which a CTC is defined in CellSearch. In breast cancer as well, we have described a lack of cytokeratin expression for certain breast cancer subtypes (Mostert et al., 2015) , reflecting the epithelial-tomesenchymal (EMT)-like phenotype of these cells. A lack of cytokeratin 8/18/19 expression would not affect the enrichment of CTCs by immunomagnetic enrichment, which is based on their EpCAM-expression. However, the lack of cytokeratin expression would result in these cells not being identified as epithelial cells and thus not counted as CTCs in the subsequent enumeration step. Indeed, KRT8 and KRT19 mRNAs were significantly higher expressed in HD-unlike than in HD-alike patients without detectable CTCs, while this difference was not apparent for EPCAM or KRT9. EpCAMbased immunomagnetic isolation leads to capture of about a thousand leukocytes per 7,5 mL blood in both HDs and patients, which would explain the lack of difference in EPCAM expression. KRT8 and KRT19, however, are only expressed by epithelial cells, and the expression of KRT8 and KRT19 in HDunlike patients alludes to the presence of circulating tumor load. The presence of this KRT mRNA expression apparently does not always lead to the identification of CTCs by the CellSearch enumeration method, possibly because these cells or cell fragments do not meet the morphologic criteria for CTCs. To further study the possible influence of EMT on the detection of circulating tumor load by RT-qPCR in the absence of enumerated CTCs, it would be of great interest to measure EMT-associated genes such as vimentin (VIM ). However, because these genes are also abundantly expressed by leukocytes (Sieuwerts et al., 2009a ), we could not measure these genes reliably in our current samples, which still contained a leukocyte background despite the CellSearch enrichment. Single-cell CTCs or a pure population of CTCs could circumvent these problems, and should thus be a major focus of research in this field.
Other reasons for the discrepancies between CTC counts and gene expression could be an imperfect correlation of mRNA and protein expression and the well-known issue of stochastic variation (Allan and Keeney, 2010) . Stochastic variation leads to differences in CTC content in two blood tubes drawn in parallel, and becomes particularly important when highly sensitive techniques such as PCR are applied to samples containing low CTC numbers such as in this study. If we assume the CTC enrichment and enumeration tubes to be paired tests, the chance of the enumeration tube to contain zero CTCs while the expected value is one (as occurs in the CTC enrichment tube), is 0.37. The chance of finding circulating tumor load in the enriched CTCs of 21 patients out of 35 patients with zero enumerated CTCs, is 0.013, making it unlikely that stochastic variation is an important factor in our findings. In addition, the strict morphological criteria that have to be met for cells to be counted as CTCs exclude the counting of small CTCs or CTC fragments (Coumans et al., 2010) , both of which nonetheless can confer an mRNA signal. The method of cell fixation is also a variable differing between the CTC enumeration and CTC isolation method. The blood for CTC enumeration is kept in CellSave tubes containing a preservative enabling their storage for up to 96 h before processing, while the blood for CTC isolation is kept in EDTA blood and processed within 24 h. The stability of the CTC enumeration sample has been tested and shown by the manufacturer. We have tested the stability of mRNA in EDTA, showing stability for at least 24 h (Supplementary Figure 2) . Nonetheless, the difference in fixation and storage time could theoretically confer to a difference in CTC enrichment efficiency. We did not see a difference in leukocyte-specific mRNA expression between HD-like and HD-unlike patients (KruskaleWallis, P 0.27), and while we measure genes that are not or at a low level expressed in leukocytes, we cannot completely exclude an effect of the number of background leukocytes after CTC enrichment on the measured gene expression.
Whatever the cause, measurement of epithelial gene expression seems to be able to detect circulating tumor load among patients without detectable CTCs. The prognostic value of small CTCs or CTC fragments not meeting the criteria of CTC according to the CellSearch procedure, has recently been described for prostate cancer (Coumans et al., 2010) . In this small study, an exploratory analysis did not show a correlation of the HD-unlike profile with poor prognosis, but this will have to be repeated in a larger study group. Exosomes have gained the interest of researchers as they are thought to function as crosstalk between tumor cells and the microenvironment, and as such could be directly involved in the process of metastasis. No broad consensus has been reached on the optimal method for isolation of exosomes from blood plasma, and no data are available on possible co-isolation of exosomes when performing CellSearch EpCAM-based enrichment of whole blood. Because CTC isolation in this study was preceded by a Ficoll-based density gradient enrichment, it seems unlikely that exosomes would still be present in our samples. However, comparison of the gene expression in isolated single or purified CTCs versus exosomes would be of great interest to further increase our understanding of the mechanism of tumor metastasis, and could provide more insight into the source of the measured HD-unlike mRNA expression in our patient samples.
Our CRC CTC-specific 34-gene panel enables the large-scale characterization of CTCs despite their presence among an excess of contaminating leukocytes. This method might increase the sensitivity of CTC detection, making it more suitable to use in mCRC and possibly localized CRC as well. We can also explore the value of CTCs as a surrogate biopsy of metastases and improve our insight into metastasis biology. Moreover, CTC characterization by the CTC-specific profile permits studies assessing the use of CTC gene transcripts as a predictive tool to guide treatment decisions.
In conclusion, the generation of this CRC CTC-specific gene panel enables the exploration of CTC characterization as a novel means to further individualize cancer treatment based on better prognostic and predictive factors.
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